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The inverts 1&& .is descaribfed in the following statement 



ELECTROCHEMICAL REDUCTION OF IffiTASi OXIDES 



'The present invention relates to el6fctrroehe£mical 
deduction of metal oxides. 

¥he present invention ^as made during the course 
of an oil -going research 'project on the electrochemical 
reductibh of titania (Ti0 2 ) carried out by thfc applicant* 

During the course ©f the research pr6"jeet the 
applicant carried out experimental work ofi an electrolytic 
cell that included a graphite crucible that formed an 
anode of the cell, a pool of molten GaCl 2 -based electrolyte 
%ii the crucible, and a cathode that included solid 
titania • 

The CaCl? -based electrolyte was a commercially 
available source of GaGl 2 # hainely calcium chloride 
dehydrate* that decomposed on heating and produced a very 
.small amount of CaO. 

The applicant operated the electrblytie cell at a 
potential above the decomposition potential of CaO and 
belcrifr the decomposition potential off CaCl 2 « 

The applicant found that the cell fcbuld 
elect rocfeemi-cally reduce titania to titanium with vSry low 
concentrations of oxygen. 

The applicant does not have a clear understanding 
of the electrolytic cell mechanism at thi§ stage- 
Nevertheless, whilst not wishing to b& bound by the 
comments in this paragraph/ the applicant offers the 
following comments by way of an outline of a possible cell 
iheehanlsm-. The experimental work carried out by the 
applicant produced -evidence of Ca met&l dissolved in the 
electrolyte. The applicant believes that, at least during 
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the early .stages of operation of the Sell/ the Sifctal 
was the iresult of elecfcrbdeposition of Ga*"* cations as 
metal on electrically conductive sections of the cathode. 
Ad is indicated above, the 'experimental work was carried 
S ©ufe using a GaGl< 2 -based electrolyte at a cell potential 

"below the decomposition potential of GaCl 2 * The applicant 
believes that the initial deposition of Ga metal on the 
cathode Was due to the presence of Ca ++ cations and 6~~ 
anions derived from Gad in the electrolyte* The 

10 decomposition potential of GaO is less than the 

decomposition potential of CaCl.2* In this ceLl mechanism 
the ceXl operation i§ dependent; at least diiririg the early 
stages of cell operation, on decomposition of CaO, with 
Ga** cations migrating to the cathode and depositing as Ga 

15 metal and O as anions migrating to the anode and formihgf GO 
and/ or GO* ('in a situation in which £he ainode is a 
gxraphite anode) • The applicant believes that the Ga metal 
that deposited oh electrically conductive sections bf the 
cathode was deposited predominantly as a separate phase in 

20 the early stages of cell operation and thereafter 

dissolved in the electrolyte and migrated to the vicinity 
of the titania in the cathode and participated in chemical 
.reduction of titania* The applicant also believes that at 
later stages of the cell op&fafcibii part of the Ga mefcal 

.25 that deposited on the cathode was deposited directly bh 

partially deoxidised titanium and fehe-reafter participated 
in chemical reduction bf titanium. The applicant also 
beLie^efc that the O^hiohs, once extracted from the 
titania,, migrated to the anode and reacted with anode 

3t> carbon and produced GO and/or C62 and released electrons 
that facilitated electrolytic deposition of Ga metal on 
the cathodes 



However! notwithstanding that the cell could 
35 el^etrpchemieally reduce fcifeatiia to titanium with Vety low 
concentrations of baqrgeh, the applicant also found that 
£h£re were relatively Significant amounts carbon 
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iirsms furred £f6m the anode to the electrolyte and to the 
titanium produced at the fcrathode under a wide rangfc of 
bell operating conditions * Carbon in the titanium is an 
Undesirable contaminant, In addition, carbon transfer was 
1 responsible for .low current efficiency of the cfell. Bbfeh 
problems are •significant barriers to commercialisation of 
the electro chemieal reduction technology. 



TJ&e applicant carried out experimental work to 
10 identify the mechanism for carbon transfer aftd to 

determine how to minimise carbon transfer and/or to 
minimise the adverse effects of 6Sirbon tMfigfef; 



Sn the course o'f the experimental work the 
IB -applicant made the i&venitioli fcfcalt is described and claimed 
in International apj>lida£i6n PCT/^tJ02/00457 in the name of 
tehe .applicant. The invention minimises carbon 
contamination by replacing the -carbon anode with a molten 
inefcal anode* 

SO 

In broad terms, tehe invention that is described 
and -claimed in the llntferhational application provides an 
electrolytic cell for electrochemical reduction of a metal 
oxide? such as tit-ania, in a solid state , Which 
2B electrolytic cell .includes (a) a molten electrolyte* (b) & 
cathode formed at least in part from the metal oxide in 
contact with the electrolyte, and (c) a :molten metal anode 
in cbnitaafe with the electrolyse. 

3® In add-i'tibn? in broad terms the invention that is 

•described and claimed in the Inte'rfiafcional application is 
a method o£ elect^rochefiac'a-lly reducing a metal 6xi3e, such 
as teiteaiLia* in 'sl solid state in an electro ly tie cell? 
which electrolytic cell includes (a) a moltetx electrolyte* 

SB (la) a cathode in contact With the electrolyte, the e&tho&e 
being formed at least in part from the metal oxide, and 
(c) a molten metal anode iii contact, with the electrolyte. 
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and Which method includes applying a deii potential across 
the anode . 

TJbie present invention is an improvement of the 
M invention described and ©laim^d in the Internaticttial 
applic'a'tibn . 

According to invSntion t£er*€s is provided an 

•electroiytie cell for electrochemical reduction of a metal 

10 oxide, .such as titania,, in a solid state, which 

electrolytic cell includes (a) a molten electrolyte, (b) a 
©athode formed fct least in pa^t from the metal oxide in 
contact with the electrolyte, (c) an anode, and (d) a 
membrane that separates the electrolyte and the anode and 

IS is permeable to 6xygen cations and is i^ermeable to 

dissolved metal in the electrolyte, and optionally is : 
impermeable to any one or more of (i) electrolyte anions 
other that oxygen anions 7 (ii) anode metal Cations t and 
(iii3 *any &ther ions and attorns • 

2'0 

The above = described membrane prevents bacK 
r^&etion of dissolved metal in the electrolyte and oxygen 
.atoms generated at the anode that can signif icantly reduce 
■the .current efficiency ■§£ the cell. Specif IcalJL-y, the 
2S membrane allows oxygen anions to migrate to the anode and 
;give up .electrons a't the anode &n'd prevents dissolved 
metal in the electrolyte migrating t-6 the anode and 
reacting With oxygen atoms generated at the anode. 

SO Accordingly, the membrane makes it possible for 

the 1G6II to operate at .high current efficiencies 

mn a situation in which the menibrane is also 
ini&el?ae , ab'le to electrolyte aniohg other that oxygen 
.35 anions, the membrane makes it possible to operate tliS cell 
a% higher potentials •without the disadvantages that are 
often associated with operating at such higher cfell 



%^S>^jfUa^Vf^^\^\Keep.WEB«»v&i St ajcytjert 'Ham SxldeS and Sold* Mbxte% SS$2^gSI-^ ^/1^/51 



potentials. For example,; in situations in which, the 
electrolyte includes CaCl2 its is undesirable to operate at 
potentials that result in evolution of chlorine gas 
because of the corrosive and febxic properties of the gas. 
The membtfafte prevents the migration of 6-1" anions to the 
pnode and thereby prevents the evolution of chlorine gas. 
Operating at higher sell potentials is advantageous 
because it produces higher currents and therefore reduces 
cycle times • 

in a situation in which the membrane is also 
.impermeable to anode metal cations it ip possible to use 
.anode materials that would react with the electrolyte save 
far the membrane separating the anode and the electrolyte. 
Thus., ths^e l£ a wider selection of anode materials that 
are avail able, a 

Preferably the anode is a molten metal anode. 

HoVeVer* the present invention -also extends to 
other arrangements. For example, the present invention 
extends to fttel cell arrangements in which there is (a) a 
coating of a suitable metal/ffi&tal oxide system, such as 
Ni/NiO> on the membrane that forms the anode and conducts 
. electrons released by the oxygen anions and (b) a fuel; 
such as hydrogen ot .natural gas^ that consumes oxygen that 
is evolved at the anode • 

The anode may be arranged so that oxygen gas is 
evolved at the anode and is removed from the cell* 

¥he ^n#4e in^y be also fee arranged so that there 
is no oxyg&xi gas Released frdm th6 anode assembly. 
Specifically, the anode may include a means for scavenging 
oxygen that is generated at the ahode when oxygen anions 
migrate to the anode and -give xssp electrons at the anode. 
Xhe above =-desc^ibed gaseous fuel is one suitable 
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■scavenging means . The iscavfcngih^ means may also be 3, 
solid material that is oxidised fey oxygen* 

Thee use of solid scavenging materials is 
5 preferred is. situations in which the ahode is a molten 
inetal anode. Suitable solid materials foa? Adlten silver 
anodes include iron, carbon and tungsten. The Use of a 
scavenging means reduces the need to select molfe^fi metal 
anodes fchafc have high solubility of oxygem in anode metal. 

10 

Preferably the solid scavenging Materials form 
the anode Slecfeasode for molten Inetal anodes. 

It .is preferred that the membrane be impermeable 
IS to fch6 anode electrode "material* 

The present invention is ba§ed 6ft experimental 
work ca£?ied otit by the applicant to electrochemically 
reduce titania. The experimental work WaS Carried out 6fL 
"20 a dell that includes a stainless steel cSruoible containing 
molten GaGl2-fca6ed electrolyte containing at at least some 
GaO, a cathode extending into the eleetEoIyte, the cathode 
including T10 2 , and an anode in the form of molten silver 
contained in a yt£ria stabilised zireonia crucible 

2§ extending into the electrolyte-- The yttria stabilised 

zireonia .1,3 permeable to oxygen anions and is impermeable 
to ealfciutoi metal dissolved ih the electrolyte/ <JhloiNLne 
anions, *ahd silver cations. The anode electrical 
conneeti5n was made via a low carbon steel wire extending 

3b into the molten silver. tfhe cell was operated initially 
at & potential around 3V. St was found fch&t oxygen was 
removed from the cell — by oxidation of the steel 
electrode - under these conditions at high cutrent 
efficiencies? Operation at high current efficiencies 

2B indicated that there \tfas no back reactioh of calcium metal 
aad oxygen generated at the a&dde. The cell was also 
operated &fe higher potentials, "up to 10V* St was found 
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that £he3?3 was decomposition of GaGl 2 and no evolution of 
•chlorine gas under ^hese conditions-. There was also a 
proportional increase in feTir-reht with increasing voltage-. 

'The experimental work opens Tip the following 
possibilities for an electrolytic cell for 
elect-rdfeh^iGally reducing metal oxides, slioh &S titania* 

• ©perafcing thfe cell St "high euter'enfe ef f iciencies - with 
^minimal back Reaction * 

• Operating the cell a't high volt-ages Resulting in high 
currents, and thereby reducing fcycle time; 

• Operating the cell 'with *§ux oxygen scavenger in the 
anode assembly? thereby eliminating difficulties with 
handling oxygen gas at higft temperatures. Scavengers 
,f or .molten silver anodes include iron, carbon, and 
tungston. 

• Alfeeiriiatively, operating the cell with an anode tha.fc 
generates 'oxygen gas and removing oxygen gas f r©& the 
.anode assembly, 

2-n a situation in which t*he anode is a molten, 
anetal ^node 7 preferably t-he meta-1 is chosen such that its 
melting point ife wifeh'ih the operating tetnperafcure range of 
the 'electrolyte* 

Preferably the malting poinfe of the metal &£ the 
molten xaetal anode is highe-S than the melting* point of the 
electrolyte and lower than the vaporisation and/or 
decomposition temperature of the electrolyte in ordea: to 
prevent electrolyte consumption and Removal through 
vapor is a'tibh . 

PSre>fepabiy the metal of the molten metal anode is 
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.silver S3? Q&pp&T ♦ 

Preferably the membr'arie is formed from a solicl 
electrolyte . 

Preferably the solid electrolyte is sLn oxide; 

More preferably the sal-id electrolyte ig yttria 
•Stabilised ziroonia. 



Preferably the membrane includes a Ibody and an 
outer lining, with the outer lining being in cofit&ct With 
the electrolyte? and the outer -lining fceiftg -£oM6d £^6m a 
material that Is inert with respect to dissolved metal in 
15 the electrolyse and JLa impermeable to the dissolved metal, 



-I-n a. situation in which the metal oxide is 
titania it is preferred that the electrolyte be a Ga6l^ s 
based electrolyte that included Ca6 as one of the 
20 constituents . In this situation calcium metal will be the 
dissolved metal in the electrolyte. 

Preferably t~he body is formed froza the solid 
electrolyte. 

S5 

Preferably the outer lining is formed from a rare 
earth oxide. 



More preferably t-he rare earth oxide is yttria. 

TO 

Preferably fehe llnihg id continuous and covers 
all of the surface of the membrane that Is in contact with 
'the electrolyte so that there ate no sections ef the body 
that axe in contact with the electrolyte % 

Preferably the metal oxide is a titanium oxide. 
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It 3/S preferred that the metal ©xlde fee feifeaniai 

According* t'o the pre'seht ixivent-ion there is 1 also 
provided a iaSthfcd of e lec tr ochSml g ally reducing a metal 
S oxide In a solid ,state In &a elaaferaiyfeic GeH, which 

electrolytic cell i-ncludes (a) a molten electrolyte, (b) a 
cathode in contact with the eleetrblytfe, the eathode feeing 
fbm^a ait l-ea§t in part from the metal oxide; (<e) an 
anode, and (d) U imembrahfe that separates the electrolyte 

10 and the anodfe and IB permeable to oxygen ions and is 

Impe£meablfe to dissolved metal In the electrolyte, and 
optionally 13 Impermeable to any one or more of (i) 
electrolyte anions other that oxygen anions, (ID anode 
metal cations, and (Hi!) any other ions and atoms? and 

IS which method includes applying a cell potential across the 
anode and the eathode and electro chemically reducing the 
metal oxide. 

Prefer ably ? in a situation in which the metal 
'20 oxide is ti'tania <# the met-hod Includes electrochemically 
:r educing" the metal oxide to titanium having an oxygen 
concentration of less than 0.'2wt.%« 

Preferably the method includes Maintaining the 
2§ cell temperature below the vaporisation and/or 
drebb«S>bsi:tIon temp^rat\ao?es <?f the electrolyte- 

Preferably the method Includes applying a cell 
potential above a decomposition potential: of at least one 
%0 constituent of the electrolyte so that there aire cations 
off >a metal bthfe^ than thai: of the cathode metal bXide In 
the electrolyte* 

Preferably the fiemfcrane is ffcrmed £ro"ta a rfolld 
3S felfefefeBolyfce • 

P5:e£el?ably the .solid electrolyte is* ytt^ia 
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stabilised zifrcozxia. 



Preferably the .metal 5xide ifc a titanium oxide. 
£.t is preferred that the xnetal oxide be titania. 



In a situation in Which the metal oxide i£ 
tltania it is .preferred that the electrolyte be a CaGl 2 - 
based electrolyte that includes Cad ap biie of the 
1 0 cons'ti fcuen'ts * 

Jft such a situation it is preferred that the 
method includes maintaining the celrl potential above the 
decomposition potential- i6r Gads 

IS 

'The following example illustrates an application 
of the invention ixi the process of reducing titania ihfc-o 
substantially pux& titanium using an electrolytic cell 
constructed in accordance with the present invention alid 
2*0 as illustrated sehfeiaatieally in Figure 1* 

Whilst the example described below relates to the 
electrochemical reduction o£ titan&a, the basis principle 
i& equally applicable to other metal oxides, in particular- 
's oxides of Si, »Ge or alloys containing these metals. 



With .reference to the figure* the electrolytic 
cfell 2 includes a graph* te-flfee Crucible 3.0 made of a 
suitable acfeory material that is essentially inert 

30 with respeet to the electrolyte and electrode n*ate2ialS 
degQribed beloW at Sell operating temped 4t\ireS . 

The electrolytic cell further includes a pool 18 
of Btolt^n QaCl 2 electrolyte that contains at least some CaO 
WitMn the crucible 10 * 

The electrolytic -cell 2 further include** & pool 
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14 of Itiol'ten silver or copper 66htaih^d In a crucible of 
yfefeifiLa -Stabilised zixconia that extends into the cell. 
The molten Ag or Gu forms the molten metal anode 14 of the 
cell* "The ytt-ria stabilised zirconia crucible 16 forms a 
5 membrane that allows migration of oxygen anions and 
preterites emigration of calcium iftetal dissolved in the 
molten electrolyte into the molten anode* Optionally , the 
crucible has an outer lining of yt tria- 
ls The electrolytic cell 2 further includes a 

titania plafce 12 positifchfed Within a cage 24. The cage 24 
(and therefore the plate 12.) is suspended into the 
crucible 10 by means q£ a lead 26 «. T&iS assembly fbzfmS 
the cathode 20 6£ th^ cell. 

IS 

The electrolytic cell 2 further includes , a power 
source 22 ajid electrical connections between the power 
source 22 and the anode 14 and the cathode 20* The 
connections include the above -described lead 26 and a 
.20 further felectrical lead 28. The elefctfcieal lead 28 is a 
low carbon St£el wire that is consumed during tire 
operation of the cell - as described below. 

In use, power source 22 provides constant 
2S p6tential (voltage) settings thereby that allow the cell 2 
to draw the amount of current required during the 
electrolytic .refining of the metal oxide body at a 
selected potential. 

30 The electrolytic cell 2 father includes 

thermocouples contained in suitable heat-resistant, inert 
B-hfeatbs (not illustrated) £o-r monitoring temperature in 
the ^molten metal anode 14 and the molten electrolyte 18. 

36 Xh use, the above -described electrolytic cell 2 

positioned in a suitable fttrnace to maintain the 
electrolyte and the anode metal ifi their respective molten 
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states* The £tmospherfe abound the crucible 10 is 

3^*6 £ erred to be an inert gag, such as axfgoh, that does nets 

f>eact with the ipnolten electrolyte-. 
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Once the cell reaches its operating tempetf&ture, 
'a [preselected "voltage ah^ve the decomposition potential of 
6a6 in the electrolyte is applied to the cell, whereby 
reduction ©«§ the titanic ih the cathode is carried out as 
described above. 



The 65qfgen that passes into the electrolyte 1 8 by 
virtue of electrochemical reduction of the metal 6xid£ id 
subsequently transported into the molten metal anode 14 
via the membrane 16 and dissolves in the molten metal* 
15 The dissolved oxygen then oxidises the steel electrode 28, 
atxd iron oxides accumulate on the surface of the molten 
Srfetal anode and are periodically Removed * 



Many piodific&tionS may he made to the preferred 
<2'0 embodiment of the present invention described above 
without departing from the spirit and scope of the 
invention • 

By way of example, it is noted that other shapes 
2S and configurations of the titanic Sathode 20 axe Equally 
employable, bearing in mind the need to ensure proper 
electric contact between the power source 22 and the 
titaxiia td be reduced Within the cell. 
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